Pattern formation is fundamental for embryonic development. Although synthetic 12 biologists have created several patterns, a synthetic mammalian reaction-diffusion pattern 13 has yet to be realized. TGF-β family proteins Nodal and Lefty have been proposed to 14 meet the conditions for reaction-diffusion patterning: Nodal is a short-range activator that 15 enhances the expression of Nodal and Lefty whereas Lefty acts as a long-range inhibitor 16 against Nodal. However, the pattern forming possibility of the Nodal-Lefty signaling has 17 never been directly tested, and the underlying mechanisms of differential diffusivity of 18 Nodal and Lefty remain unclear. Here, through a combination of synthetic biology and 19 theoretical modeling, we show that a reconstituted minimal network of the Nodal-Lefty 20 signaling spontaneously gives rise to a pattern in mammalian cell culture. Surprisingly, 21 extracellular Nodal was confined underneath the cells as small clusters, resulting in a 22 narrow distribution range compared with Lefty. We further found that the finger 1 domain 23 of the Nodal protein is responsible for its short-range distribution. By transplanting the 24 finger 1 domain of Nodal into Lefty, we converted the originally long-range distribution 25 of Lefty to a short-range one, successfully preventing the pattern formation. These results 26 indicate that the differences in the localization and domain structures between Nodal and 27 Lefty, combined with the activator-inhibitor topology, are sufficient for reaction-diffusion 28 pattern formation in mammalian cells. 29 30 Main 31
not enter a cell. Thus, the C-terminal smaller half of NanoLuc, the HiBiT tag, binds to checked the localization of extracellular Nodal, noticing that the HiBiT-Nodal signal was 1 in focus at the basal side of cells but out of focus at the lateral or apical side (Fig. 2l ). The 2 basal side was judged with the dense structure of cell membrane, and the lateral and apical 3 sides were defined as the points 7.5 µm and 15 µm above the basal side, respectively 4 ( Supplementary fig. 6 ). Consistent with this observation, extracellular Nodal is suggested 5 to localize underneath the cells even in mouse embryos 39 . We also noticed that the Nodal near the basal side formed small clusters ( Fig. 2l ). By contrast, the HiBiT-Lefty2 7 signal was blurry both at the basal and apical sides (Fig. 2m ). These results suggest that 8 extracellular Nodal is confined in the space between the cells and the culture dish as 9 clusters, which may be the cause of the narrow distribution of Nodal. To test the 10 involvement of cell-dish attachment, we treated the cells with an Actin inhibitor 11 Cytochalasin B that disrupts the focal adhesions, finding that the strong signal of Nodal clusters near the basal side of cells disappeared quickly ( Supplementary fig. 7 , 3 13 h).
15
Mathematical models of the pattern forming circuit. 16 To understand the patterning mechanism of our activator-inhibitor circuit in more detail, 17 we constructed simple mathematical RD models ( Fig. 3a-j with Nodal for the co-receptor and receptors 28, 40 (Fig. 3a) , or Lefty directly binds to and 20 then inhibits Nodal 40 (Fig. 3e ). We thus constructed two types of model by using 21 parameters we measured or estimated (Supplementary fig. 8 ): the "competitive inhibition model" and the "competitive inhibition + direct inhibition model". Both models gave rise 23 to patterns comprising positive domains and negative domains when the parameters were 24 in the right ranges (Fig 3b,f) . The patterns resulting from the competitive inhibition model 25 were highly periodic (Fig. 3d ), and the patterning parameter range was almost identical 26 with the parameter range that satisfied Turing instability 13 (compare Fig. 3c with 3b) , the 27 condition for Turing pattern formation, meaning that these patterns are classic Turing 28 patterns. However, Turing patterns are not the only type of RD system that can perform 29 spatial patterning. The patterns resulting from the competitive inhibition + direct 30 inhibition model were less periodic ( Fig. 3h,i) , and the Turing instability condition was 31 not satisfied in all the parameter regions tested with this model (Fig. 3g ). This non-Turing 32 patterning mechanism is essentially the same as the formation of "solitary localized 33 structures" 41,42 caused by an excitable or bistable system combined with a rapidly 34 diffusing inhibitor: the positive domains are formed by short-range self-activation initially, 35 and the propagation of domains are stopped by long-range inhibition in the later stage.
Thus, we named the less-periodic patterns as "solitary patterns". Since the periodicity of 1 the actual cell pattern resulting from our activator-inhibitor circuit was not very clear 2 ( Supplementary fig. 4d ), our synthetic RD pattern may be a solitary pattern rather than a 3 Turing pattern.
4
An important step in theoretical modeling is to alter parameters in the model, 5 and then test the observed predictions experimentally. We thus attempted to alter the 6 maximum synthesis rate of the activator-inhibitor circuit both in simulation and living 7 cells. Our model predicted that increasing the maximum synthesis rate of Nodal or Lefty 8 should change the ratio of the positive domains to negative domains in the resulting 9 patterns ( Fig. 3h-j) . To experimentally increase the maximum synthesis rates, we 10 introduced the extra copies of (f2)7-Lefty2 or (f2)7-Nodal to the cells already engineered 11 with the activator-inhibitor circuit ( Fig. 3k ,l). The constitutive expression of PGK-12 mCherry or PGK-GFP from the same construct as (f2)7-Lefty2 or (f2)7-Nodal was used 13 as a marker of the increased copy numbers (Fig. 3k, l; FACS plots) . As predicted, 14 increasing the maximum synthesis rate (i.e., the copy number) of Nodal made the cells 15 homogeneously positive, whereas that of Lefty expanded the area of negative domains 16 (compare Fig. 3m with Fig. 3h -j).
18
Manipulating the diffusion coefficient of Lefty. 19 We further altered another important parameter, the diffusion coefficient of the activator-20 inhibitor circuit. Our model predicted that no pattern should be formed, irrespective of a
21
Turing pattern or a solitary pattern, if the diffusion coefficients of Nodal and Lefty are the 22 same (Compare Fig. 4a with Fig. 3f ). To experimentally test this prediction, we fused the 23 finger 1 domain of Nodal to Lefty2 (Fig. 4b ). As expected, the HiBiT-F1-Lefty2 displayed 24 a narrow distribution just like Nodal (Fig. 4b,c ). The HiBiT-F1-Lefty2 also localized near 25 the basal side of cells and formed small clusters, just like Nodal (compare Fig. 4d with 26 Fig. 2l,m) . These results show that the Nodal finger 1 domain is indeed important for the 27 narrow distribution and able to make the distribution of Lefty2 narrow upon 28 transplantation.
29
Then we created an activator-inhibitor circuit with F1-Lefty2, instead of wild-30 type Lefty2, and named the new circuit as a "similar range activator-inhibitor circuit" (Fig.   31 4e). F1-Lefty2 inhibited the Nodal signaling although its inhibitor activity was a little 32 weaker than that of wild-type Lefty2 (Fig. 4f ). When the (f2)7-F1-Lefty2 construct was 33 added to the activator circuit, the engineered cells did not show a pattern but displayed an 34 almost homogeneous image (Fig. 4g ), and the spatial correlation dropped rapidly without that different diffusion ranges of Nodal and Lefty are crucial for the pattern formation 1 through our activator-inhibitor circuit. We have created here, to our knowledge, the first synthetic RD pattern in mammalian 5 cells, that is verified by comparison of various experimental perturbations to a theoretical 6 model (i.e., changing the diffusion constants and maximum expression levels). In doing 7 so, we show that the pattern formation through our synthetic circuit is driven by the 8 different diffusion ranges of Nodal and Lefty, which are influenced by the Nodal finger 1 9 domain and the confinement of Nodal underneath the cells. underneath the cells may be a common trapping mechanism. 24 Nodal displayed a 3.5-times shorter distribution range than Lefty2 in our 25 measurements. If the degradation rates are similar between Nodal and Lefty2, the 26 effective diffusion coefficient of Nodal should be 12-times smaller than that of Lefty2.
27
According to our measurements, the degradation of Lefty2 is actually 2.4-times faster 28 than that of Nodal ( Supplementary fig. 8b ), suggesting that the effective diffusion 29 coefficient of Nodal is 29-times smaller than that of Lefty2, which is comparable to the 30 value reported in zebrafish 27 . Direct measurements of the diffusion coefficients in our 31 system will be necessary to verify these numbers even though our attempts for FRAP 32 analysis were not successful due to too weak signal of fluorescent fusion Nodal and Lefty.
33
In any case, sufficiently large difference in the diffusivity of Nodal and Lefty was proven 34 critical for our pattern formation.
The cells engineered with our activator-inhibitor circuit gave rise to a pattern, 1 which we believe is the first mammalian example of a synthetic RD pattern. Our work is also the first step to engineer a more complex synthetic tissue 1,3-6 . The cells were maintained in DMEM/F12 medium containing 10% fetal bovine serum 35 at 37 °C with 5% CO2. 
Quantification of HiBiT activity
A 30×300 pixels (48×480 μm 2 ) rectangular area was set so that the short side of the 1 rectangle is in parallel with the boundary between the ligand cells and receptor cells. The
2
HiBiT activities and mCherry intensities were averaged along the short side. The 3 averaged mCherry intensities were normalized with the following function: where AHiBiT(x) is the averaged HiBiT activity at position x, and x0.5 is the position where 10 the normalized mCherry intensity drops to 0.5. The normalized HiBiT activities of three 11 independent experiments were averaged and then fitted to the following function:
12
(1 − C)e − / + 13 where C < 1 is background. Finally, the HiBiT activity distributions were given by 14 I HiBiT ( ) = HiBiT ( + 0.5 ) − 1 − .
15
The distance was compensated by 1 pixel = 1.6 μm.
17
Luciferase assay 18 For the luciferase assay shown in Supplementary fig. 1b , the cells were seeded in a 24-19 well plate at 1.0×10 5 cells/well. After 24 hours culture in the absence or presence of 10 20 nM recombinant Nodal, the cells were washed with PBS and eluted with 150 μl 1×lysate 21 buffer (Luciferase assay system, Promega). For the intermingled co-culture assay (Fig 4f;  Supplementary fig. 2 ), the ligand cells and reporter cells were seeded in a 24-well plate 23 at 1.0×10 5 cells each/well and mixed. After 48 hours co-culture, the cells were washed 24 with PBS and eluted with 250 μl 1×lysate buffer. For the measurement of the signal 25 response curve (Supplementary fig. 8a To create the phase diagram of pattern forming ability, 1D simulations with 4 different combinations of αN and αL were performed for much longer time than the time 5 scale of our experiment. As the initial state, two pulses of Nodal and Lefty concentrations 6 were set. The resulting Nodal distribution was judged as a "pattern" when the maximum 7
Nodal concentration was more than 2-times higher than the minimum Nodal 8 concentration. Otherwise, the distribution was judged as a "high state" or "low state", 9 depending on if the maximum Nodal concentration was higher than 0.01 or not.
10
The Turing instability condition was judged based on the following four where the summation was taken over all pixel points ( , ) and is the mean intensity.
1
The radial correlation function ( ) was calculated by averaging the correlation 2 function ( , ) with the constraint = √ 2 + 2 , which is formally given by
where ( ) is the Dirac's delta function. 
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